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The Japan-US PHENIX project irradiated tungsten materials in the RB-19] capsule experiment in the High
Flux Isotope Reactor (HFIR). A gadolinium (Gd) shielding was used to absorb the thermal neutrons and
reduce rhenium and osmium generation in tungsten. Pure tungsten and K-doped W-3% Re samples were
irradiated at 532 - 662 °C to dose of 0.21-0.46 dpa, with the grain orientation perpendicular or parallel
to the disk surface. Thermal diffusivity measurements were performed from 100 °C to 500 °C. Additional
measurements followed after annealing up to 900 °C. Irradiated pure tungsten specimens showed sim-
ilar thermal diffusivity results compared with an unirradiated W-1% Re specimen in another study. The
transmutation amount of Re was calculated to be about 0.52% for those specimens that showed good
agreement with this study. Specimens irradiated in this study to different doses presented almost the
same thermal diffusivity. Annealing up to 800 °C resulted in no recovery of thermal diffusivity. These
results show that the contribution of crystalline defects to degradation of thermal diffusivity is quite
limited. In addition, the thermal diffusivity of the irradiated specimens was getting close to that of the
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unirradiated specimens at elevated temperature.
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1. Introduction

Neutron irradiation introduces various changes in the physical
properties of materials. Thermal diffusivity is an important prop-
erty to consider as it is key in the divertor design for a fusion reac-
tor. High heat transfer ceramic materials such as SiC or AIN showed
severe degradation in thermal diffusivity after neutron irradiations
[1-3]. In these materials, heat is mainly carried by phonon, and the
heat transfer is disturbed by neutron induced defect with phonon-
lattice scattering.

Tungsten is the primary candidate material for divertor in
which some part of heat is carried by phonons like ceramics, and
the other part is carried by electron like other metals. In fusion
reactors neutron irradiation will induce both crystalline displace-
ment defects and transmutation reactions producing rhenium and
osmium. It was reported that the thermal diffusivity of tungsten is
strongly reduced by additional elements in the alloy [4]. It is im-
portant to understand these effects independently for developing
tungsten materials for fusion reactors. Currently, there is limited
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available data of tungsten on thermal diffusivity after neutron irra-
diation [5]. Furthermore, the existing irradiations were performed
in fission test reactor with different neutron energy spectra from
a fusion reactor. In a fission reactor, the ratio of thermal neutrons
that induce transmutations to fast neutrons that induces crystalline
defects is relatively higher than that in a fusion reactor. In the case
of tungsten materials, the total solid transmutation rate in a fusion
divertor is 0.08 %/dpa, while it is about 8.5 %/dpa in the fuel trap
region of the HFIR at Oak Ridge National Laboratory (ORNL) [6].
Moreover, it has been reported that specimens irradiated in light-
water fission reactors had different microstructures from materials
irradiated in fast reactors [7].

Therefore, the US-Japan collaboration project PHENIX irradiated
tungsten materials in the RB-19] capsule experiment in the HFIR.
The capsule was lined with a 1 mm thick gadolinium (Gd) metal
liner. It was located on the inside of the capsule housing and sur-
rounded the specimen holders. Its purpose was to serve as a ther-
mal neutron shield to modify the fast/thermal neutron ratio over
the life of the experiment and controlling the rhenium (Re) and
osmium (Os) transmutations [8,9].


https://doi.org/10.1016/j.jnucmat.2020.152594
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jnucmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2020.152594&domain=pdf
mailto:akiyoshi@riast.osakafu-u.ac.jp
https://doi.org/10.1016/j.jnucmat.2020.152594

M. Akiyoshi, LM. Garrison, J.W. Geringer et al.

Table 1
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Neutron capture reactions in tungsten and rhenium material. Cross sections in this table are for thermal neutrons [13].

target nuclide  natural abundance (%)  cross section (barn)

produced nuclide

half life time of the produced nuclide  daughter nuclide

184\ 304 1.7 185w
186w 28.4 38 187w
185Re 374 112 186Re
187Re 62.6 76 188Re

75.1day 185Re
23.7h 187Re
3.7day 1860g
17h 1880g

2. Experimental

For the PHENIX project, the HFIR neutron irradiation experi-
ment in the RB-19] capsule was designed with three different tem-
perature zones, each containing subholders, that was irradiated at
about 550°C, 850°C and 1050°C to doses of 0.2 to 0.7 displace-
ments per atom (dpa) during 4 HFIR irradiation cycle (cycle 466 to
cycle 469) from June 14 to December 9, 2016. The total operation
time was 94 days at a nominal power of 85 MW. The large irra-
diation capsule, RB-19], was inserted in the Removable Beryllium
(RB*) position of the HFIR. The RB* region is part of the reflec-
tor which is the concentric ring surrounding the control plates and
outer fuel element of the HFIR. With typical experimental data,
neutron flux at the flux trap region (used for rapid irradiation) is
11 x 10 n/m2s (E>0.1 MeV) and 1.7 x 10" n/m?s (<0.5 eV)
while in the RB* region it is 4.7 x 10'® n/m2s (E>0.1 MeV) and
9.5 x 10'® n/m?s (E< 0.5 eV) at 85 MW operation [10]. As men-
tioned, the 1mm thick Gd shield surrounded the sub-holders in
RB-19J, and it reduced the thermal neutrons from 1 x 10!° n/m?s
to an order of 1 x 107 n/m?2s [11,12]. This reduction is because of
the large capture cross section for thermal neutrons, 157Gd (natural
abundance 15.7 %): 2.5 x 10° barn and >>Gd (natural abundance
14.8%): 6.1 x 10* barn (neutron capture cross section in this study
is for 0.0253 eV thermal neutron from JENDL-4.0). In the capsule,
more than 20 varieties of pure tungsten and tungsten alloys were
irradiated.

After the irradiation, the tungsten specimens transmuted to the
radio-nuclides as shown in Table 1.

In this study, thermal diffusivity measurements were performed
on pure tungsten and K-doped W-3% Re disk samples that were 6
mm in diameter and 2 mm thick. The samples were made from
stress relieved thick plate (produced by A.LM.T.) with the grain
orientation perpendicular or parallel to the disk surface [4,14]. The
reduction ratios of these materials at rolling were 80% and the fi-
nal heat-treatment temperature before the irradiation was 900°C
for 20 min. Samples were cut from the original thick block so that
the grain orientation is either elongated parallel or perpendicular
to the sample surface.

These specimens were irradiated at 532-662 °C in same sub-
capsule of 550 °C zone to 0.21-0.46 dpa where the conversion from
fluence to displacement per atom is obtained by dpa=0.195 P, /
1025 njm? (@ is fast neutron fluence (E>0.1 MeV)) for tung-
sten in HFIR [15]. The actual temperatures during irradiation were
derived and calculated from a combination of data sources that
included the data from thermocouples (used to control the tem-
peratures inside the capsule during irradiation), passive SiC tem-
perature monitors (specimens included inside the sub-holders to
validate the temperatures at specific locations) that were mea-
sured post irradiation, and the thermal model used for the de-
sign of the capsule. The neutron fluence for each specimen was
calculated from a model that was produced after post irradiation
evaluation of the neutron fluence monitors. Due to HFIR’s axial
neutron flux profile, the fluence values for the specimens, in dif-
ferent sub-holders, largely depends on the axial position within
the capsule. Due to the loss of one dosimeter during disassembly,
only two dosimeters were available to estimate the neutron flux
for RB-19] capsule. From the experimental data of the two sam-

ples, a parabolic function as F = a(1+bz?2), where z is specimen
axial position (cm) and a, b are constant derived from the data
(a = 1.02 x 1029, b=-1.86 x 103 for thermal neutrons, E < 0.5
eV, and a = 3.59 x 10%0, b= -144 x 103 for fast neutrons, E
> 0.1 MeV) [12], is applied to estimate fast and thermal neutron
flux for each specimen position. The dosimeters were positioned
at an axial height of 2.7 cm and 15.2 cm above the HFIR core cen-
terline while the 550°C zone specimens were positioned between
the axial heights of 17 cm to 25 cm from the core centerline. Due
to only two data points available, the thermal fluence model does
not provide a good representation of the thermal fluence values,
as some positions above ~23 cm height from the core centerline,
gives negative values. The estimated fluence of thermal neutrons
was 1.0 x 1024 n/m? and 5.8 x 1023 n/m? for each dosimeter. The
details for each specimen are shown in Table 2.

The capsule was disassembled in the hot-cell facility and
shipped to the Low Activation Materials Development and Analysis
Laboratory (LAMDA) at ORNL in early 2018 after a cooling period.

Thermal diffusivity measurements were performed with a NET-
ZSCH LFA-457 conventional thermal analyzer from 20 to 500 °C
in an atmosphere of ultra high purity Ar gas flow. Additional
measurements were done after annealing up to 900 °C. The an-
nealing measurements were performed using a NETZSCH LFA-
467HT hyper flash analyzer in atmosphere of vacuum with turbo-
pump to 102 Pa to avoid oxidation of tungsten materials. Tung-
sten material is very sensitive to oxidation. After it was mea-
sured in LFA-457 at 500 °C, the surface of all specimens was
slightly oxidized. The oxidation from activated tungsten easily va-
porizes and that cause spread contamination, as well as the ox-
idation potentially influencing the thermal diffusivity measure-
ments so it should be avoided. The surfaces of the specimens
were coated with conventional graphite spray. In the case of
thin specimen (0.5 mm thick for pure tungsten), the graphite
layer affects the estimate of thermal diffusivity as mentioned
below.

After the measurements up to 500 °C were performed for all
four specimens, annealing experiments were performed on 5001
(pure tungsten) and A000 (K-doped W-3% Re). The grain orienta-
tion of both specimens is perpendicular to the disk surface. Usu-
ally, an isochronal annealing effect is measured after an annealing
at an aimed temperature in another furnace and then the sam-
ple would be transferred to the thermal diffusivity measurement
instrument. If that method is followed, heating and cooling time
is required for annealing, and then after that, to obtain tempera-
ture dependence of thermal diffusivity for the specific specimen,
additional heating and cooling is required. It requires about twice
the time and increases the contamination risk and cost working
with radioactive materials. For this reason, annealing measure-
ments were performed in the furnace of LFA-467HT instead. For
example, after the thermal diffusivity measurement up to 500 °C,
the next measurements were performed from 100 °C to 600 °C
at every 100 °C increments. At this aimed annealing temperature,
30 flash shots in the LFA-467HT were performed for 2 specimens
(which takes more than 1 hour to complete). The next measure-
ments were performed from 100 °C to 700 °C (again at 100 °C in-
crements) to evaluate the annealing effect at 600 °C and to achieve
the annealing at 700 °C, and so on.
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Table 2
Detail of unirradiated and neutron irradiated specimens in Fig. 4.
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Irradiation Thermal Degradation of
Specimen temperature Fast neutron fuluence (102 Grain diffusivity at RT ~ thermal
ID (°C) n/m?s) E > 0.1MeV Dose (dpa) Component Orientation (mm?/s) diffusivity (%)
Calc. Exp. Calc. Exp.
4003 unirradiated Pure W Il 70.8 18.1
4000 662 24 2 0.46 0.39 58.0
500H unirradiated 1 73.8 20.7
5001 548 13 0.78 0.25 0.15 58.5
9003 unirradiated K-doped Il 41.4 12.0
9000 532 1.1 0.53 0.21 0.1 W-3% Re 36.4
A00C unirradiated L 41.9 8.3
A000 660 2.3 2 0.45 0.38 384
3. Surface treatment %, 80— . . | : . .
. SR with Graphene spray 4
To measure thermal diffusivity with a flash method (on tung- S £ 70 Ny ;G:p::i:my |
sten or any other polished metal specimens), a carbon coating g b 222 X DIOTI Covered 50%
is required. This improves absorbance of the flashed light on the - T = Q DloTiCoveecd Al i
front side and also infrared emission from the back side as de- é\ 601
scribed in the previous paper [17]. A conventional graphite spray 2z -
such as ‘GRAPHIT33’ is used for thick standard specimens, but it é 50k
results in relatively thick (> 10 pum) carbon layers on the sur- b=
face of the specimen. It adds a non-negligible amount of addi- 3 I
tional time to thermal diffusion through thin specimen of high g 40r
thermal diffusivity. To avoid this factor, NETZSCH Japan provides b5 r
Graphene spray that gives only 1/20 weight of the layer compared = . I : I : L .
p pray g y 1/ g Y p = 30 200 €00 200

with GRAPHIT33. This spray is provided as ‘ JA007159: Black coat-
ing agent for LFA on very thin specimen’. Fig. 1 shows the obvi-
ous difference between a D10TH specimen that was covered with
graphite spray and the other specimens. It was measured using the
NETZSCH-467HT with a pulse width fast enough to measure unir-
radiated pure tungsten with a 0.3 mm thickness. Here, the size of
the disk specimen is described as DxTy, where Dx is the diam-
eter of x mm and Ty is the thickness of y mm (for D10TH, the
diameter is 10 mm and the thickness is 0.5 mm). The D6T2 (a
2 mm thick specimen) and D10T1 and D6T1 (both 1 mm thick
specimens), were covered with graphite spray. These were all thick
enough to ignore the additional diffusion time. The measurement
of the D10TH (a 0.5 mm thick specimen), was repeated with a very
thin coating of graphite spray and showed almost the same re-
sult as the other specimens. Therefore, to measure a 0.5 mm thick
specimen using graphite spray requires careful treatment and it

80— T T T T T T

with Graphene spray 4
o 1

— D1

--- A D3TH

with Graphite spray
D6T2

--- @ DIOTI
D6T1

—— @ DIOTH

N
=
T

Thermal diffusivity / mm® - s’

(8]
(=]

1 1 |
400 600 800
Measurement temperture / K

1000

Fig. 1. Difference between graphene and graphite coatings on different size of pol-
ished pure tungsten specimens measured with a NETZSCH LFA-467HT. Disk speci-
men size is shown as DxTy, where Dx is the diameter of x mm and Ty is the thick-
ness of y mm (for D10TH, the diameter is 10 mm and the thickness is 0.5 mm).

1000
Measurement temperture / K

Fig. 2. The effect from density of the graphite coating on diameter of 10mm and
thickness 1Tmm polished pure tungsten specimens measured with a NETZSCH LFA-
467HT.

depends on the skill of the technician. The result of a slightly thick
coating gives a large difference from the true value. It is therefore
concluded that the graphene spray is necessary for reliable mea-
surement with -TH specimen (0.5 mm thick).

Moreover, the effect from density of the graphite coating was
validated in Fig. 2 using polished D10T1 pure tungsten specimens.
A coating that is too thick, results in thermal diffusivity degrada-
tions, as described above. If the coating is too thin, the un-covered
shiny surface gives large dispersion of thermal diffusivity. Fig. 3-
A to D shows picture of different density of coating with conven-
tional graphite spray in Fig. 2. As a result, for the measurement of
D6T2 irradiated specimens, a relatively thick graphite coating was
used.

4. Result

Fig. 4 shows the thermal diffusivity of irradiated and unirra-
diated tungsten materials. The thermal diffusivity values at room
temperature (300 K) were extrapolated by a fitting function to the
data collected at higher temperature for each specimen, as shown
in Table 2. The open and black symbols in Fig. 4 represent the unir-
radiated specimens and the filled and red symbols represent the
irradiated specimens.

The irradiated pure tungsten specimens show thermal diffu-
sivity values of 18.1% and 20.7% lower than those of unirradiated
specimens at room temperature. The differences become smaller
at higher temperatures. For the case of K-doped W-3% Re speci-
mens, the degradations after irradiation are 12.0 % and 8.3% com-
pared to unirradiated K-doped W-3% Re specimens, which shows a
small dependence on the measurement temperature. With respect
to grain orientation, there is almost no visible difference observed
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Fig. 4. Thermal diffusivity of the as-irradiated and the unirradiated tungsten mate-
rials. The open and black symbols represent unirradiated specimens and the filled
and red symbols for irradiated specimens.

for pure tungsten demonstrated by the overlap of the two speci-
mens, 4000 and 5001, while a small difference is shown for the ir-
radiated K-doped W-3% Re. It is to be noted that all the specimens,
even though irradiated in the same capsule, may have slightly dif-
ferent irradiation temperature and dose, which is dependent on
the individual specimen position within the capsule. For instance
for the K-doped W-3% Re material, the dose of A0OO is 2.1 times
larger than 9000.

After the as-irradiated measurement up to 500 °C, which is
lower than the irradiation temperature of the specimens, the an-
nealing measurements were performed. For the annealing mea-
surements as described in the Experimental section, one sample

70 -—
| 5001: Pure W(L) T, 548°C
A a v X
A000: K-doped W-3Re(L) T\, 660°C
A n v +
60 measurements up to 600, 700, 800, 900°C —

W
(=]

n
o

Thermal diffusivity / mm® « s

(98]
)

| s | |
600 800 1000

Measurement Temperature / K

|
400

1200

Fig. 5. Thermal diffusivity of the irradiated tungsten materials after annealing up
to 900 °C. After an annealing at aimed temperature, dependence on temperature
was estimated during increasing temperature to next aimed annealing temperature.

each of the pure W and the K-doped W-3% Re were repeatedly cy-
cled between high temperatures and room temperature, with the
maximum temperature rising from 600 to 900°C in 100 degrees in-
crements. The samples were held for approximately 1 hour at the
maximum temperature during each annealing step. Fig. 5 shows
the results. In this figure, the triangle symbols pointing upwards
represent measurements up to a maximum of 600 °C. The re-
sults below 500 °C match the temperature dependence for the ‘as-
irradiated’ tungsten, as in Fig. 4. The next step, the square symbols
represent measurements after the previous 600 °C annealing treat-
ment. In this step, measurements were performed up to a maxi-
mum of 700 °C. Fig. 5 demonstrates that both pure tungsten (5001)
and K-doped W-3% Re (A000) specimens show no recovery in their
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Fig. 6. Infrared signal from pure tungsten (irradiated:5001) with a measurement at 300 °C and at 900°C. At 900°C measurement, obvious oscillation was observed on the IR

signal.

thermal diffusivity for annealed results up to 800 °C. The anneal-
ing measurement process stopped at 900 °C because the measure-
ments performed at 900 °C showed severe oscillation on the in-
frared (IR) signals as displayed in Fig. 6. This IR signal is used to
evaluate the temperature change of the back side of the specimen
after exposure to the flash light. Usually, the intensity of an IR sig-
nal is increases based on the Planck’s law, so the intensity ratio be-
fore and after a flash shot gets larger with the increasing measure-
ment temperature, even if the absolute temperature change before
and after a flash is the same. Nevertheless, several measurements
are quite noisy, due to the IR signal with oscillation at a constant
frequency (about 100 Hz). These noisy signals resulted in a large
dispersion of the thermal diffusivity measurements. At this time,
this problem is not clarified and because it was worse at higher
temperatures, the measurements were stopped at 900°C.

5. Discussion

In Fig. 4, pure tungsten specimens show obvious degradation in
thermal diffusivity after irradiation, however it is still higher than
that of unirradiated K-doped W-3% Re specimens. Fukuda et al.,
reported tungsten-rhenium alloy showed a systematic change with
rhenium concentration, but on the other hand, K-doped W showed
almost same thermal diffusivity [4]. In their paper, W-1% Re al-

70

T T T T T T T
—— ® 4003: Pure W (//)
-== O S500H: Pure W( 1)

~—— @ W-1%Re [Fukuda2018]
—— ¥ 5001 Iadiated Pure W( L)
60 (after 700Cannealing) ]
> —— A 9003: K-doped W-3%Re(/))
-== A& A00C: K-doped W-3%Re( L)

50

40

Thermal diffusivity / mm?® « s

30

| | |
600 800 1000

Measurement Temperature / K

|
400

1200

Fig. 7. Comparison of the thermal diffusivity between W-1% Re alloy [Fukuda2018]
and the result in this study. The neutron irradiated pure tungsten showed similar
result with the W-1% Re alloy.

loy showed 47.6 mm?2/s at 401 °C, and this thermal diffusivity is
very close to that of the irradiated pure tungsten in this study. If
a pure tungsten specimen is irradiated in HFIR in the flux trap
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Fig. 8. Neutron reaction cross section for W from JENDL-4.0 library.
(https://wwwndc.jaea.go.jp/j40fig/jpeg/w186_f1.jpg)

region without a gadolinium shield to the same dpa as in this
study, transmuted rhenium reaches 1.8-3.9% [6]. It shows that the
gadolinium shield in RB-19] capsule reduce transmutation success-
fully.

Thermal diffusivity of W-1% Re alloy showed good agreement
with neutron irradiated pure tungsten in this study as in Fig. 7.
Tungsten has a higher transmutation probability with lower en-
ergy neutrons, so the thermal neutron fluence is a key factor for
the amount of transmutation the material accumulates in a reac-
tor. For a rough estimation of transmutation, 5 x 1023 n/m? is used
as thermal neutron fluence ®erma- From the Table 2, the cross-
section o of neutron capture reaction 86W(n,y)87W is 38.1 barn
(10728 m2), and the natural abundance 6 of 186W is 28.4%. The
187W is a radioactive isotope of tungsten and beta-decays to 87Re.
Therefore, the transmutation ratio for this isotope at the assumed
thermal neutron fluence is obtained as ®yerma @ 0 =5.4 x 1074,
The reaction 84W (n,))!8°W and beta-decay create '85Re, where
o = 17 and 6 = 30.6 % that result in 2.6 x 10~>. This rough es-
timation gives transmuted !87Re ratio by thermal neutron, about
0.06%. Although the cross sections for transmutation in tungsten
are higher for lower energy neutrons, there is a noticeable contri-
bution from higher energy neutrons as well. Taking the full HFIR
neutron energy spectrum into account and including the effect
on the spectrum of the thermal neutron shield, Charles R. Daily
from ORNL reported a transmutation ratio of 0.52% for 550°C zone
in 2016. 186W shows large resonance absorption around 20eV as
shown in Fig. 8 [16]. Also, epithermal neutrons (0.5eV to 110keV)
estimated by the neutron dosimeters in the capsule showed 50
times higher flux than the thermal neutron flux. Thus, using the
full neutron spectrum calculation gives a higher transmutation
than our estimation using only the thermal neutron reactions for
two isotopes. The transmutation ratio of 0.52% is in good agree-
ment with the results in this study. The calculation still has some
error that comes from the dose estimation precision. Experimental
elemental analysis of some of the irradiated samples is required for
comparison with the calculation. Furthermore, the distribution of
transmuted rhenium in irradiated specimens must be investigated.

Finally, fast neutrons induce crystalline defects that affect
phonon transfer. In the Table 1, the fast neutron fluence (E>1MeV)
is listed for each specimen where ‘Exp.’ represent the result from
two dosimeters and ‘Calc.’ represent the simulation result based
on the known neutron flux of HFIR and scatter/capture reactions.
There is a factor of 2 to 4 difference between 4001 and 5001 (pure
tungsten) and between 9000 and A000 (K-doped W-3% Re). In
these pairs of the same material samples, orientation of grain is
different, that is parallel or perpendicular to the sample surface.
Though in the case of the unirradiated specimen, the thermal dif-
fusivity perpendicular to the disk plane is almost same no mat-
ter the grain orientation. Furthermore, the irradiated specimens
of these pairs show almost the same results in spite of the large
dose difference. In addition, the irradiation temperature is also
different and the lower dose specimens were irradiated at lower
temperature. It is not entirely expected that these samples irradi-
ated at different doses and temperatures would have such simi-
lar thermal diffusivities. One possible explanation is that because
the samples irradiated to higher dose were also the ones irra-
diated at higher temperature, this combination may have caused
more self-healing during irradiation and resulted in fewer re-
maining defects after irradiation than if they had been irradiated
at a lower temperature. The distribution of crystalline defects in
these specimens and the recovery with annealing can be estimated
in the future with positron annihilation lifetime spectroscopy
(PALS).

For more detail, many specimens irradiated at different con-
ditions in RB-19] capsule must be compared. Most specimens in-
tended for thermal diffusivity measurement are of a D3TH type,
which are 3mm diameter and 0.5mm thick small disks. For these
small specimens, the oscillation of the IR signal at high tem-
perature is more significant than in Fig. 6, and that leads to a
large dispersion in thermal diffusivity. Further study on surface
treatment and measurement conditions, especially the flash pulse
width, must be done to resolve this problem. Furthermore, another
irradiation experiment without gadolinium shielding in HFIR rabbit
capsules has been performed. In this capsule, several tungsten and
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tungsten alloy materials were irradiated to lower dose but higher
transmutation. It will give a good comparison with the result in
this study.

6. Conclusion

Tungsten materials were irradiated in the ORNL HFIR with
gadolinium shielding to absorb thermal neutrons and reduce rhe-
nium generation in the tungsten. Pure tungsten and K-doped W-3%
Re samples were irradiated at 532 - 662 °C to 0.21-0.46 dpa, with
the grain orientation perpendicular or parallel to the disk surface.
Irradiated pure tungsten specimens shows 18.1% and 20.7% (de-
pending on the grain orientation) lower thermal diffusivity than
that of unirradiated specimens, and K-doped W-3% Re specimens
showed 12.0% and 8.3% degradation for the two grain orientations
of that material. Specimens with different orientation showed al-
most the same thermal diffusivity before and even after the ir-
radiation at different doses. The irradiated pure tungsten showed
higher thermal diffusivity than the unirradiated K-doped W-3% Re
material. It shows that the amount of transmutation was limited
by the gadolinium shield successfully. W-1% Re specimen in an-
other study showed similar result to this irradiated pure tungsten.
The transmuted amount of rhenium was calculated to be about
0.52% for these specimens, and that shows good agreement with
this study. Further more, annealing beyond the irradiation temper-
ature, up to 800 °C resulted in no recovery of thermal diffusivity.
These results support the hypothesis that crystalline defects like
vacancies in tungsten has a quite limited effect on thermal diffu-
sivity. Therefore, transmutation calculation gives a reasonable fore-
cast of thermal diffusivity after an irradiation.
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